The pyruvate kinase gene pyk from Corynebacterium glutamicum was cloned by applying a combination of PCR, site-specific mutagenesis, and complementation. A 126-bp DNA fragment central to the C. glutamicum pyk gene was amplified from genomic DNA by PCR with degenerate oligonucleotides as primers. The cloned DNA fragment was used to inactivate the pyk gene in C. glutamicum by marker rescue mutagenesis via homologous recombination. The C. glutamicum pyk mutant obtained was unable to grow on minimal medium containing ribose as the sole carbon source. Complementation of this phenotype by a gene library resulted in the isolation of a 2.8-kb PstI-BamHI genomic DNA fragment harboring the C. glutamicum pyk gene. Multiple copies of plasmid-bornepyk caused a 20-fold increase of pyruvate kinase activity in C. glutamicum cell extracts. By using large internal fragments of the cloned C. glutamicum gene, pyk mutant derivatives of the lysine production strain Corynebacterium lactofermentum 21799 were generated by marker rescue mutagenesis. As determined in shake flask fermentations, lysine production inpyk mutants was 40%o lower than that in thepyk+ parent strain, indicating that pyruvate kinase is essential for high-level lysine production. This finding questions an earlier hypothesis postulating that redirection of carbon flow at the phosphoenol pyruvate branch point of glycolysis through elimination of pyruvate kinase activity results in an increase of lysine production in C. glutamicum and its close relatives.
The biosynthetic pathway for the aspartate-derived amino acids in Corynebacterium glutamicum, Corynebacterium lactofermentum, and the closely related Brevibacterium flavum is primarily controlled by feedback inhibition of a few key enzymes (9) . Isolation of strains which overproduce these amino acids has been achieved in two ways: (i) by selecting for resistance against nonmetabolizable amino acid analogs to obtain mutants with feedback-insensitive biosynthetic enzymes (18) and (ii) by selecting for amino acid auxotrophs which lack a branch of the split biosynthetic pathway in order to eliminate competition for a common pathway intermediate (12, 24) . C. glutamicum strains, for example, which possess feedbackinsensitive aspartokinase or which exhibit homoserine or threonine auxotrophy produce lysine at elevated levels. To further improve lysine production in a C. lactofermentum strain with feedback-resistant aspartokinase, we attempted to optimize the carbon flow from glycolysis towards the lysine biosynthetic pathway.
The biosynthesis of lysine requires carbon which stems from pyruvate and oxaloacetate decarboxylase (OAA) in a 1:1 ratio (23 (vi) , and (vii) is negligible because the enzymes involved are repressed or the reaction is thermodynamically unfavorable (7, 10, 15) . Although the decarboxylation reaction (iii) was found in B. flavum cell extracts, its in vivo contribution to the formation of pyruvate remained unclear (13) . Consequently, pyruvate can be generated via reactions (i) and (ii), which are catalyzed by PTS and pyruvate kinase, respectively (14, 15) , whereas OAA can be generated via reaction (v), which is catalyzed by PEP carboxylase (15) .
Simultaneous action of PTS and pyruvate kinase results in almost complete conversion of glucose to pyruvate, which, after entering the tricarboxylic acid cycle as acetyl coenzyme A, is oxidized to CO2. On the other hand, simultaneous action of PTS and PEP carboxylase yields equimolar amounts of pyruvate and OAA from glucose as the substrate. Thus, a 1:1 ratio in the generation of pyruvate and OAA may be achieved by selecting for C. glutamicum strains which lack pyruvate kinase activity.
In the present study, we describe the cloning of the pyruvate kinase gene pyk from C. glutamicum and its use to inactivate the pyruvate kinase gene of a lysine-producing C. lactofermentum strain by marker rescue mutagenesis. The results of fermentation experiments revealed that in C. lactofermentum elimination of pyruvate kinase activity leads to a decrease in lysine production and concomitant accumulation of glyceraldehyde and dihydroxyacetone. This finding indicates that the absence of pyruvate kinase activity causes an accumulation of CLONING OF THE C. GLUTAMICUM PYRUVATE KINASE GENE 2495 glycolytic intermediates and does not favor the redirection of carbon flow towards the lysine biosynthetic pathway.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. All bacterial strains and plasmids used in this study are listed in Table 1 Transconjugation and electroporation. Mobilization of plasmids from E. coli to Corynebacterium strains was done as described previously (19, 20 
; it has an extension of six nucleotides at the 5' end, four of which complete a ClaI restriction site (underlined), and two C residues serve as a clamp for efficient cleavage by ClaI after PCR amplification. 60, 1994 Elmer Cetus). The temperature profile of the first three PCR cycles was 1 min at 95°C, 1 min at 40°C, and 1 min at 72°C, with a slow ramping time of 2 min for the temperature adjustment between 40 and 72°C. After these initial cycles, the samples were subjected to another 30 cycles of 30 s at 95°C, 1 min at 55°C, and 1 min at 72°C, with fast ramping for all temperature adjustments.
To label the cloned pyk-specific PCR fragment with digoxigenin-11-dUTP (Boehringer Mannheim), 25 pg of PvuIIdigested pMG114 plasmid DNA was subjected to PCR amplification as described above, except that the reaction mixture contained dGTP, dATP, and dCTP at a concentration of 50 ,uM (each), dTTP at 32.5 ,uM, and digoxigenin-11-dUTP at 17.5 puM.
PCR products (5 ,lI of a 100-,u reaction mixture) were analyzed on 2.5% agarose gels. For cloning or use as a probe, PCR-amplified DNA was separated from excess nucleotides and primers by using cellulose filter microconcentrators (UFC3LTK; Millipore) with a cutoff of 30,000-kDa molecular mass.
DNA techniques. Standard protocols (17) were used for the construction, purification, and analysis of plasmid DNA. For the construction of plasmid pMG114, the PCR product obtained from C. glutamicum AS019 was digested with ClaI and EcoRI. The resulting 126-bp fragment was purified from an agarose gel and cloned in the polylinker cloning site of vector pBLSCR SKII+. Plasmid pMG117 was constructed as follows: the 126-bp pyk-specific PCR fragment was retrieved from pMG114 as a SalI-PstI cartridge and was cloned in the vector portion of plasmid pSME7. It is a derivative of the mobilizable vector pSUP301 harboring the C. glutamicum ppc gene, which can be excised by cleavage with Sall and PstI (7). Plasmid pMG118 was derived from pMG117 by replacing the kanamycin resistance marker (Knr, aph from Tn9O3) with a chloramphenicol resistance marker (Cmr, cat from Tn9) as follows: the cat gene was excised from plasmid pMG110 (7) as a 1.1-kb SalI-XhoI fragment, and the Sall ends were partially filled in with DNA polymerase I (Klenow fragment) and dTTP plus dCTP. The fragment was ligated into the BamHI-XhoI backbone of pMG117 after partially filling in the BamHI site with dGTP plus dATP. pMG119 and pMG123 were constructed as described in Results. To obtain pMG124, the 1.1-kb EcoRISall fragment from pMG123 was used to substitute for the 126-bppyk PCR fragment in pMG117. Deletion derivatives of pMG124 were generated by cleavage of pMG124 with EcoRI and BssHII (to yield pMG126) or with BssHII and SalI (to yield pMG127), by filling in all 5' protruding ends and subsequent religation.
Isolation of genomic DNA from Corynebacterium strains was carried out as described previously (7), and Southern blot analysis was done by using the Genius System from Boehringer Mannheim following their users' guide for filter hybridization.
DNA sequence analysis was performed by the dideoxy chain termination method with the Sequenase kit from United States Biochemical Corp.
Preparation of cell extracts and enzyme assays. Cell extracts were prepared either from freshly grown cells or from cell pellets which had been stored at -70°C as described previously (10) . Pyruvate kinase was assayed spectrophotometrically at room temperature by determining the decrease of the A340 of NADH, with lactate dehydrogenase as a coupling enzyme. The assay contained, in 1 ml, 80 ,umol of Tris-HCl (pH 7.8), 10 ,umol of MgCl2, 10 (2) , Aspergillus nidulans (Ani) (3), Trichoderma reesei (Tre) (GenBank accession no. L07060), and Homo sapiens (Hsa) (22) . The numbers on the left of the sequence segments designate the positions of the left-most amino acid residues in the complete pyruvate kinase amino acid sequences. Residues which are identical in all pyruvate kinase polypeptides are indicated by hyphens. The hexameric consensus sequences MVARGD and ATQMLE on which the design of the PCR primers was based are shown in bold. The bottom line represents the amino acid sequence deduced from the cloned PCR product, which was obtained from C. glutamicum genomic DNA. Asterisks indicate amino acid residues which are identical to the corresponding residues in at least three other pyruvate kinase polypeptides.
moles of NADH converted to NAD+ per minute per milligram of protein.
Fermentations and analysis of fermentation products. C. lactofermentum strains were cultivated in 250-ml baffled shake flasks containing 45 ml of medium. Inoculation was done with 5 ml of an overnight culture in TSY containing 1% glucose. Samples of 1 ml were taken every 12 h and analyzed for cell growth (optical density at 600 nm), glucose, amino acids, organic acids, and alcohols. Glucose was quantified enzymatically with the Trinder (Sigma Diagnostics) assay. Amino acids were analyzed as orthophthal-dialdehyde derivatives by reversed-phase chromatography by using the Aminoquant (Hewlett-Packard Analytical Division) method on a HewlettPackard 1050 high-performance liquid chromatography (HPLC) system. Organic acids and alcohols were determined by HPLC with a Bio-Rad HPX-87H column at 45°C, with a mobile phase consisting of 5 mM H2SO4. Compounds were detected by both A206 and refractive index.
RESULTS PCR amplification and cloning of an internal fragment of the C. glutamicum pyk gene. The sequences of seven pyruvate kinase polypeptides of prokaryotic and eukaryotic origin were compared, and several regions of strong homology were identified. Figure 1 shows the central segment of the amino acid sequence alignment in which two hexameric amino acid sequences, MVARGD and ATQMLE, are highly conserved. On the basis of these amino acid residues, two degenerate oligonucleotides were designed in order to amplify by PCR a central fragment of the C. glutamicum pyk gene. As shown in Fig. 2 , amplification with genomic DNA from C. glutamicum, C. lactofermentum, and E. coli as templates produced specific DNA fragments with identical sizes. In accordance with the known DNA sequences of pyruvate kinase genes, the length of the amplified DNA fragments was calculated to be 137 bp, including the extensions of the PCR primers. The PCR product obtained from C. glutamicum genomic DNA was cloned, and the DNA sequence was determined. The deduced amino Site specific disruption of thepyk gene in C. glutamicum E12. The 126-bp fragment of the C. glutamicum pyk gene was subcloned into a derivative of the mobilizable vector pSUP301, which resulted in plasmid pMGI 17. This plasmid was transferred by conjugation from E. coli to three different Corynebacterium recipient strains: C. glutamicum AS019 and E12 (restriction-deficient derivative of AS019) and C. lactofermentum 21799 (lysine production strain). Since plasmid pMG1 17 confers resistance against kanamycin but cannot replicate in Cotynebacterium cells, plating on kanamycin selected for clones which had integrated pMG1 17 into the genome via a single crossover between the pyk DNA on the plasmid and the genomic pyk locus. Figure 3A schematically illustrates the recombination event and demonstrates how it leads to disruption of the pyk gene. Only a few kanamycin-resistant clones were isolated, all of which were derivatives of C. glutamicum E12, whereas no colonies were obtained from transconjugations with C. glutamicum AS019 and C. lactofermentum 21799. The low frequency of marker rescue may be due to the small DNA region offered for homologous recombination or incomplete heat inactivation of the DNA restriction systems in strains AS019 and 21799. Two of the isolated kanamycinresistant derivatives of C. glutamicum E12 were assayed for pyruvate kinase activity in cell extracts after growth in complex medium. Both clones retained less than 0.04 U of pyruvate kinase activity, whereas the parent strain E12 exhibited 1.0 U of pyruvate kinase activity when grown under the same conditions. One of the clones, C. glutamicum M 1, was further characterized for its ability to grow on minimal medium containing ribose or gluconate instead of glucose. grew at identical rates. These data suggested that growth on ribose or gluconate can be used as a criterion to select for C. glutamicum pyruvate kinase mutants and to clone the pyk gene in a C. glutamicum pyk mutant by complementation.
Mapping of the pyk locus in the C. glutamicum genome. The 126-bp pyk-specific PCR fragment was used as a probe for a Southern blot experiment to map the pyk gene to restriction fragments of C. glutamicum AS019 and C. lactofermentum 21799 genomic DNA. The probe hybridized to 10.0-kb BamHI, 5.5-kb PstI, 2.3-kb Sall, and 1.7-kb HindIll fragments of both AS019 and 21799 DNA. To more precisely map the pyk gene within the 10.0-kb BamHI and the 5.5-kb PstI fragments of the C. glutamicum chromosome, genomic DNA of the C. glutamicum pyk mutant MI was cleaved with PstI. In this way, the integrated vector pMG1 17 fused to the 3' half of the disrupted pyk gene was released as a PstI fragment (see the structure of the pyk locus of strain MI in Fig. 3 ). PstI-digested genomic MI DNA was diluted, recircularized by ligation, and transformed into E. coli. All colonies which were obtained harbored the same plasmid, subsequently named pMG1 19, a restriction map of which is depicted in Fig. 4 . Southern blot analysis (data not shown) with the pyk PCR fragment as a probe and restriction mapping indicated that a 2.8-kb overlap between the genomic BamHI and Pstl DNA fragments contained the complete pyk gene.
Cloning of the pyk gene in C. glutamicum. The three findings described above were the necessary prerequisites to clone the C. glutamicum pyk gene by complementation: (i) C. glutamicum strain Ml lacks pyruvate kinase activity, (ii) growth on ribose minimal medium can be used to select for complementation of pyruvate kinase deficiency, and (iii) the C. glutamicum pyk gene is located on a 2.8-kb PstI-BamHI genomic DNA fragment. As a vector to clone the pyk gene, plasmid pMF1014ot was used. It is a derivative of the cryptic C. glutamicum plasmid pSR1 and harbors the kanamycin resistance gene aph as a selective marker. Since the C. glutamicum pyk mutant Ml carries the same kanamycin resistance gene integrated at the pyk locus, it was not suitable as a host strain in conjunction with the cloning vector pMF1014a. A kanamycin-sensitive analog of strain Ml was generated by substituting the chloramphenicol resistance gene cat for the aph gene at the pyk locus of Ml. For this purpose, the aph gene was excised from plasmid pMG117 and replaced by a cat cartridge, which resulted in pMG118 (Fig. 3B) . Plasmid pMG118 was subsequently transconjugated from E. coli to C. glutamicum Ml. Several hundred chloramphenicol-resistant colonies were obtained, five of which were found to be sensitive against kanamycin and at the same time remained unable to grow on ribose minimal medium plates. Figure 3B illustrates the double crossover between pMG118 DNA and integrated pMG117 DNA at the pyk locus of strain Ml. The resulting C. glutami- (Fig. 4) . On the basis of the findings that it complemented the pyk mutation in strain M2 and caused an increase in pyruvate kinase activity (Table 3) , we concluded that pMG123 harbors the C. glutamicum pyk gene. Inactivation of pyk in C. glutamicum AS019 and C. lactofermentum 21799. Three different fragments from plasmid pMG123 were subcloned in the mobilizable vector pSUP301 to obtain plasmids pMG124, pMG126, and pMG127 (Fig. 4) . These plasmids were used to generate pyk mutants of the wild-type strain C. glutamicum AS019 and the lysine production strain C. lactofermentum 21799. Transconjugation of pMG124, pMG126, and pMG127 into AS019 and 21799 yielded kanamycin-resistant colonies in all cases. The corresponding derivatives of C. glutamicum AS019 (A124, A126, and A127) and those of C. lactofermentum 21799 (L124, L126, and L127) were deficient in pyruvate kinase activity (Table 3) . These results suggest that (i) the pyk gene extends past the EcoRI and Sall sites in plasmid pMG123 (otherwise mutagenesis with pMG124 would not have resulted in a Pyk-phenotype) and (ii) genes isolated from C. glutamicum strains may be used for mutagenesis of C. lactofermentum strains.
Lysine fermentations with pyk mutant strains. Shake flask fermentations were carried out primarily to determine the impact of pyruvate kinase deficiency on lysine production but also to determine other fermentation products ofpyk+ andpyk mutant C. lactofermentum strains. Table 4 summarizes the By using large internal fragments of the cloned gene for marker rescue mutagenesis, pyk mutants of both the wild-type strain C. gliutamicum AS019 and the lysine production strain C. lactofermentum 21799 were obtained. Phenotypically, pyk mutant strains did not differ from pyk+ strains with respect to growth rate and glucose consumption in shake flask fermentations. This was an unexpected finding because the inactivation of pyruvate kinase was supposed to limit the amount of carbon that enters the tricarboxylic acid cycle. In fact, we hoped to control the metabolism in pyk mutants in such a way that (i) generation of energy from glucose remains low, (ii) cell mass accumulation is reduced, (iii) loss of carbon in the tricarboxylic acid cycle is minimized, and (iv) carbon flow will be directed towards the synthesis of OAA from large amounts of PEP. Thus, OAA would mostly be used as a precursor for lysine biosynthesis rather than being consumed in the tricarboxylic acid cycle. However, the lysine titers in cultures of all C. lactofermentuln pyk mutants were substantially lower than those in the parent strain 21799. Obviously, anabolic reactions and energy production as well as the synthesis of lysine are all processes in competition for pyruvate, which, in pyruvate kinase-deficient strains, is present in limiting amounts only. While cell growth of the mutants was unaffected, lysine production decreased, showing that in these strains metabolic control mechanisms favored the use of pyruvate for growth rather than for lysine production. It is interesting to note that in spite of presumably low availability of pyruvate, the pyk mutants produced significant amounts of valine and alanine, which are comparable to those produced by the parent strain. Both amino acids are synthesized from pyruvate as a precursor. It appears that synthesis of valine and alanine is constitutive, whereas synthesis of lysine reaches maximal levels only when pyruvate is readily available. Although acetate accumulated in C. lactofermentum L126 and L127 to almost twice the level of that in C. lactofermentian 21799 (21) . The results presented in this study, however, point out that the central carbon metabolism in amino acid-producing Cotynebactenriun strains is not well understood and that extensive analysis of specific mutations will be required before redirection of carbon flow can be used to optimize the substrate-product ratio in these organisms.
